ABSTRACT
A growing body of evidence indicates that irreversible tissue destruction including axonal and neuronal degeneration is a key component of the multiple sclerosis (MS) disease process. Magnetic resonance imaging (MRI) is a powerful technique that can be combined with semiautomated or automated computer assisted analysis approaches to detect progressive atrophy of the brain and spinal cord with high sensitivity and reproducibility. The pathophysiology of central nervous system (CNS) atrophy in MS is unknown but likely represents an epiphenomenon related to the effects of inflammation including chronic demyelination, axonal injury, neuronal loss and Wallerian degeneration. Other factors that may contribute to tissue atrophy include injury to the normal appearing gray and white matter by mechanisms such as loss of growth factors, altered electrical conduction and pathologic iron deposition. Prospective studies have suggested that atrophy in MS is predicted by previous inflammatory activity as measured by overt MRI lesions. Gadolinium (Gd)-enhancing lesions have shown a particularly strong predictive value in some but not all longitudinal studies of brain atrophy. Brain atrophy has also been related in cross-sectional and longitudinal studies to T2-hypointense lesions in deep grey matter, suggesting a link between tissue iron deposition and atrophy. The measurement of brain atrophy seems to be of growing clinical relevance as a biomarker of the MS disease process. Atrophy should now be included as a secondary endpoint in trials of therapies aimed at limiting disease progression. Currently available anti-inflammatory immunomodulatory agents and immunosuppressive treatments, while effective at preventing clinical deterioration, have shown at best partial effects in preventing CNS atrophy. Thus, there is a need to further validate atrophy as an outcome measure and ultimately develop treatment strategies that will protect against the destructive aspects of the disease process. This should in turn lead to better long term neurologic functioning and a better quality of life for patients with MS.
INTRODUCTION
Progressive brain atrophy in multiple sclerosis (MS) has been recognized for many years. It was shown in early computed tomography (CT) studies that atrophy can develop within one year of the diagnosis in MS patients with an aggressive clinical course (1) . Other CT studies correlated atrophy with dementia (2) . A study in 1995 suggested a link between atrophy and axonal dysfunction; reduced N-acetyl aspartate ( NAA) levels detected by magnetic resonance spectroscopy (MRS) were associated with both cerebellar dysfunction and cerebellar atrophy in patients with MS (3). Three decades ago, histologic evidence emerged that demyelination alone results in a reduction of axonal diameter (4) suggesting that atrophy can occur by at least two mechanisms: loss of myelin per se and associated axonal shrinkage. However, only a few years ago magnetic resonance imaging (MRI) and pathological studies confirmed that atrophy may occur by at least two mechanisms, one potentially reversible (demyelination) and the other not likely to reverse (axonal loss) (5, 6) . The extent to which atrophy leads to neurologic impairment is probably influenced by both the underlying substrate of the damage that has occurred and the amount of reserve capacity present in relatively non-affected areas. When severe tissue destruction occurs, the central nervous system (CNS) responds by shrinkage and reorganization, leading to reduced volume of brain and spinal parenchyma and enlargement of adjacent cerebrospinal fluid (CSF) spaces. Several pathologic and imaging studies have revealed axonal/neuronal loss, Wallerian degeneration, and depletion of axonal/neuronal metabolites in the normal appearing white and gray matter (5-7). Another factor that has been linked to atrophy includes T2 hypointensity in the gray matter, a marker of pathologic iron deposition (8).
QUANTIFICATION OF BRAIN ATROPHY
There are several methods available to estimate the degree of brain atrophy by MRI analysis techniques. These involve absolute or normalized measurements of parenchyma or CSF volumes. If brain tissue is being replaced by CSF due to a disease process, then the tissue loss or atrophy will be associated with increases in CSF and a decrease in brain volume (Figure 1) . A variety of brain atrophy measurement techniques are available. These include increased absolute or normalized volume of CSF spaces or decreased absolute or normalized volume of brain parenchymal structures (Figures 1-3) . Normalization refers to the correction of raw volumes according to the head size (intracranial volume). The methods for quantification of atrophy can be classified as regional or global; manual; semiautomated and automated; 2D or 3D; absolute or normalized.
Regional methods
Recently, several regional brain atrophy measures have been applied in natural history studies and clinical trials of MS (9-23) ( Table 1 ) ( Figure 1, 4 
and 5).
The bicaudate ratio is a normalized linear regional brain atrophy measure that reflects subcortical atrophy and is closely associated with cognitive dysfunction even after accounting for other MRI surrogate markers including whole brain atrophy (17) ( Figure 5 ). In MS, atrophy of the corpus callosum is commonly detected by MRI (9) (Figure 1 ). In a two year natural history study of mildly disabled patients with relapsing-remitting (RR) MS loss of corpus callosum area occurred at a rate of 5.5% per year (9) . Many other regional brain atrophy measures have been tested in MS (see Table 1 and Figure 1 and 5). These include third (9, 12) and lateral ventricle width (9), A single axial slice, spin-echo T1-weighted noncontrast, from an MS patient showing the raw image (a), after masking (removal) of extracranial tissue has been performed to isolating the outer brain contour (b), and after thresholding to separate the intracranial volume into brain parenchyma (black pixels) and CSF (white pixels) (c). (d-f): Shows that the same algorithm is applied to all axial images from the mid-cerebellum to the vertex. The image surrounded by the large white square (f) is used to identify normal appearing white matter on which a region-of-interest is placed in the normal appearing white matter (b, small white box) to determine the threshold for parenchyma vs. CSF segmentation (37) . The BPF is the ratio of the brain parenchymal volume to the intracranial volume (volume within the surface contour including the subarachnoid space) and is thus a normalized measure. With recent software improvements, the total analysis time per patient is 10 minutes. (10) , the volume of four to seven brain central slices (20, 21) and parcellation of specific parenchymal structures in deep gray matter (18,23) ( Figure 5 ).
Cerebellar and infratentorial atrophy is common in RR and secondary progressive (SP) MS (10, 24) . Significant reductions of 21% and 19% have been reported for the brainstem and cerebellum in comparison with controls in a series of 20 patients with RR and 20 patients with SP MS (24) . Regional cortical atrophy has been also measured semiquantitatively based on sulcal enlargement (11) (Figure 1 ).
Differences
in quantitative segmentation morphometry techniques of brain parenchymal regions, due to variations in software algorithms and anatomic landmarks, are challenges yet to be optimally addressed in the precise three dimensional determination of regional lobar and cortical atrophy (25) . Recently, we developed a reproducible and sensitive regional brain atrophy method able to measure specific parenchymal regions of interest (ROIs) (Figure 4 ). Our method incorporates semiautomated and automated segmentation processes (22) . . She had mild physical disability on the Expanded Disability Status Scale (EDSS) of 1.0. Brain parenchymal fraction (BPF), performed at the Buffalo Neuroimaging Analysis Center, was 0.88, which is normal for age. The patient experienced frequent relapses and disease progression during the next several months. Physical disability increased to a moderate level with an EDSS score of 4.0. A follow-up MRI was performed (remote from corticosteroid use) 18 months after the initial MRI. Note the marked enlargement of the cortical sulci, sylvian fissures, and third and lateral ventricles. BPF decreased by 4.5% to 0.84, which is ~5 standard deviations below normal.
Normalized vs. absolute methods
Absolute measurements of tissue or CSF volume have two main disadvantages. First, they have limited value for cross-sectional studies due to the pre-morbid (genetically-determined and body habitus related) differences in tissue size and morphology among individuals. Second, they are affected by scan-rescan variability due to changes in head position (26) (27) (28) . To overcome these pitfalls, normalized measures of brain atrophy have been developed that correct for intracranial volume (head size) and may also minimize the effect of patient positioning in the scanner. In a recent crosssectional study of 10 Alzheimer patients and 55 controls it was shown that normalization using intracranial volume increased the sensitivity in distinguishing disease from controls groups (26) . There are several normalized methods available for measurement of whole brain atrophy (22, (29) (30) (31) (32) (33) (34) (35) (36) (37) (Figure 2 ). These methods satisfy the essential requirements of being reproducible and sensitive in revealing atrophy compared to normal individuals ( Figure  3 ) and in detecting disease related longitudinal changes ( Figure 6 ). The magnitude of correlation between normalized measures of brain atrophy and physical disability or MRI lesion parameters in MS varies across different studies in which semiautomated (22, 24, (29) (30) (31) 33, 37) and automated (32, (34) (35) (36) techniques have been applied. Recently, in a cross-sectional study, we evaluated whether normalized measures of regional brain atrophy correlate with MRI defined regional brain lesions better than the absolute measures of regional brain atrophy (22) . Our data suggested that the regional brain parenchymal fraction is a reproducible and sensitive method for measuring regional brain parenchymal atrophy and that normalized regional brain atrophy measures are preferable to absolute regional measures in cross-sectional studies. There are no longitudinal studies that have compared absolute vs. normalized measurements of whole brain atrophy in MS.
Role of automation
To increase objectivity, reproducibility and efficiency, the segmentation algorithm should be computerassisted and involve as little operator input as possible. There are a variety of currently available semiautomated (10,37-41) ( Figure 2 ) and automated segmentation algorithms (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . The pros and cons of these segmentation algorithms have been discussed in a recently published review (25) .
Manual outlining methods provide simple approaches to measuring change in volume over time (53, 54) . Manual segmentation of the whole brain is rarely used; it is more practical to outline small structures or specific regions ( Figure 5 ). The common disadvantages of these methods include low precision, low reproducibility and heavy time demands.
Semiautomated methods of detecting brain atrophy have the potential advantage of increased accuracy of measurements due to the interaction between the operator and the images, ensuring precision throughout the algorithm. Such semiautomated methods have shown sensitivity in detecting whole brain atrophy in patients with MS versus normal controls (37, 55) (Figure 3 ) with a magnitude of decreased brain parenchymal fraction (BPF) in MS patients vs. controls similar to that found by automated approaches (32, 52) . Decreases in BPF are seen even in the youngest of patients with MS (56) . The use of regional segmentation algorithms, such as seed growing (40), knowledge-based thresholding (41) or local edge detection and contouring (38) can supplement and replace manual outlining methods, resulting in improved speed and reproducibility.
There are a variety of automated segmentation algorithms (42-52) which can be classified into two groups (25) : (a) segmentation based methods (CSF volume measurement, BPF, whole brain ratio, brain intracranial capacity ratio, multi-spectral relaxometric imaging, image subtraction technique, fuzzy connectedness segmentation, statistical parametrical mapping-based segmentation, template driven segmentation, SIENAX and SIENA) and (b) registration-based methods (medical image display and analysis software method, voxel-based morphometry, and brain surface modeling).
Gray/white matter segmentation
It has been presumed that MS is a chronic inflammatory demyelinating disorder of the CNS that involves most prominently the white matter (WM) of the brain and spinal cord. However, recently, several neuroimaging studies (8, 18, 23, 34, 51, (57) (58) (59) (60) (61) (62) (63) (64) demonstrated lesional, atrophic, or diffuse gray matter (GM) changes in the brain. Thus, the disease process and, in particular, atrophy is not limited to the white matter. Using MRI analysis methods, the brain can be divided into GM, WM, and CSF compartments, providing more detailed information on the topography of atrophy. The segmentation of GM and WM volumes is usually performed by fully automated algorithms that use singlecontrast or multi-spectral data (34, 51, 57, 58) . Methods include statistical parametric mapping (SPM)-based segmentation (32) (Figure 7 ), multiparametric segmentation (51), fuzzy connectedness (57) and partial volume estimation for tissue segmentation-SIENAX (52, 58) . The results of the first GM vs WM tissue segmentation study in patients with RR MS (57) (18, 34, 51, 57) . Only in one study there was a significant relationship between the neocortical GM volume loss and disability in patients with RR (r= -0.27, p= 0.04) and PP (r= -0.64, p < 0.0001) MS (58) . However, given the heavy weighting of disability measurements to spinal cord pathology, it may be more fruitful to examine correlations between gray matter atrophy and neuropsychological impairment as was successfully shown in one study (65) . Further cross-sectional and longitudinal studies are warranted to examine the clinical relevance and predictive value of GM atrophy at different stages and across various subtypes of MS.
TECHNICAL ASPECTS OF ATROPHY MEASUREMENT
There are several approaches to the measurement of brain atrophy in MS. Although various whole brain atrophy studies utilized different measures, they consistently found significant brain atrophy. However, results differ among various studies, most likely due to differences in the techniques and patient populations. There is no accepted gold-standard for measuring brain tissue volumes and brain atrophy in patients with MS. The comparison of brain atrophy techniques is difficult from a methodological point of view because there are no standardized measurement guidelines. A variety of automated and semiautomated methods have been developed using commercially available and proprietary software packages but there has been no validation across different platforms.
There is a need for comparative studies of atrophy measured by different MRI pulse sequences and analysis algorithms to determine their relative precision, sensitivity, validity and reproducibility. A collaborative exchange of image databases and analysis tools may be a first step towards validation and calibration of any segmentation method.
Accuracy of the segmentation method is an important consideration in natural history studies and in clinical trials when estimation of brain atrophy is one of the endpoints. Segmentation methods may not be accurate and this makes it difficult to combine or compare the results of brain atrophy measurements that are obtained with different segmentation algorithms . There is no in vivo gold standard to determine the accuracy of the segmentation method; therefore, phantoms of known volumes similar in size and shape to a human brain are analysed to assess accuracy (37) .
There are also no standardized established methods available to evaluate in-vivo the precision of various atrophy and volumetric measurement techniques. Although the judgement of precision is completely subjective and therefore observer-dependent, in a recently completed study (66) we compared the precision of various semiautomated and automated techniques for detecting whole brain atrophy (BPF) in MS. The semiautomated methods (Trieste and Buffalo) showed a higher precision than the automated SIENAX method (Figure 8) , especially in the segmentation of infratentorial and cortical regions where operator interaction during the segmentation processes was helpful. This manual input allows the user to ensure accuracy and precision of various steps in the algorithm, such as masking, surface contour tracing, and CSF-tissue segmentation (elimination of under-sampling or over-sampling). We hypothesized that differences in precision may explain significantly stronger correlations with physical disability and lesion volumes obtained with the semiautomated than with the automated methods (66) . Acquisition (pulse) sequence (e.g. T2, T1, FLAIR) and MRI parameters (image resolution, image contrast, spin-echo vs. gradient echo, inter-slice gaps, slice thickness) may introduce errors in atrophy measurement. Measurement of brain atrophy is more difficult than the measurement of cord atrophy, because it involves the extraction of the brain from overlying tissues (scalp, skull, and meninges), the delineation of the lower border of brain, and segmentation of brain vs. CSF. Four recent studies (35, 36, 66, 67) pointed out that different acquisition and In a recently presented study in which more than 20 serial scans were performed over a 1-year period, shortterm changes of BPF in individuals were larger than the average change seen over the whole 12-month period (78) . In RR MS, greater short-term fluctuations of brain volume were observed (15,21,79-81) than in progressive patients (18, 82, 83) . One of the explanations for this is the decreased rate of WM inflammatory edematous lesions in progressive vs. RR stages of disease (84) .
The net effect of intravenous methylprednisolone (IVMP) on brain volume fluctuations in MS patients is not completely clear. To understand the impact of corticosteroids on brain volume in other non-CNS diseases, it has been suggested that the action of steroids is twofold: steroid-induced protein catabolism and the reduction of vasogenic edema due to decreased vascular permeability. In the first case, the effects could be systemic and induced by long term treatment, whereas in the latter there could be cerebral dehydration with short-term treatment or rapid dose changes. The second hypothesis has been confirmed by experimental studies that examined electrolyte balance and changes of osmolarity in humans (74, 77) . However, steroids may have a protective effect on brain volume (limiting atrophy) over the long term due to immunomodulatory and anti-inflammatory effects that impact on disease progression (85) . In a recently published study (70) , we evaluated the long-term effect of treatment with pulses of IVMP in RR MS patients and demonstrated that IVMP limits the development of global brain atrophy over a five year period. The short-term effect of IVMP on brain volume has been studied in two recently published studies (71, 72) . In 26 RR MS patients who were followed by monthly MRI, a total of 56 courses of IVMP were given during the follow-up, 40 while taking interferon-beta and 16 while on no other disease modifying treatment (71) . In the 3 months prior to IVMP treatment, brain fractional volume was stable, but when all 56 events were combined, there was a significant reduction at month 1 and 2 following IVMP. A significant reduction in brain fractional volume was also observed when patients were classified according to prior treatment status. The study suggests that MRI should be delayed by 2 months following IVMP to avoid a reversible steroid effect on brain volume. Serial short-and long-term MRI studies that account for the effects of fluid status, nutrition, and body habitus on brain volume fluctuations in MS are lacking.
PATHOGENESIS AND PROGNOSIS
The pathological processes responsible for the development of brain atrophy in MS are uncertain, but a combination of demyelination and axonal loss most likely play a major role. There may also be a contribution from reduced axonal diameter and tissue contraction caused by astrogliosis. It is not entirely clear, however, whether processes other than demyelination and axonal loss contribute to the progressive development of atrophy. Some authors hypothesized that mechanisms of neurotoxicity separate from inflammation, such as: chronic demyelination (15, 86) , loss of tropic support of the axons (87), altered electrical conduction (88) , and iron deposition in grey matter (8) , might contribute to axonal loss in MS patients. Although suspected as a significant factor in the clinical manifestation and progression of disability in MS patients, axonal injury, including axonal transection, only recently has been reported within acute inflammatory lesions (5, 6) . Furthermore, this finding has been supported by studies showing reduced NAA in acute MS lesions (89) . These observations are consistent with reports indicating that relapse rate (10) and lesion activity visible on MRI (14, 16, 22, 90) are related to the rate of brain atrophy. Neuronal degeneration in gray matter also appears to play a role in brain atrophy in MS. Substantial neuronal degeneration, metabolite depletion, increased water diffusion, and macroscopic volume loss has been described in the deep gray matter of patients with MS (18, 23, 63) . The degree of deep gray matter atrophy is unrelated to overt lesion load in white matter (18) , suggesting that gray matter is not simply due to Wallerian degeneration from white matter injury and that direct mechanisms of gray matter injury may play a role.
T2 hypointensity, an MRI marker of pathologic iron deposition, has been described in the brain of patients with MS ( Figure 9 ) and is related to clinical course, physical disability, and MRI lesion load (8, 91, 92) . A relationship between T2 hypointensity and brain atrophy has been shown in both cross-sectional (8, 91, 92) and longitudinal studies (93) . These studies indicate that T2 hypointensity is the best predictor of brain atrophy even after accounting for the influence of overt MRI lesions. Thus, iron deposition in the brain may play a role in the pathophysiology of neurodegeneration in MS, perhaps through the development of free radicals and lipid peroxidation. Alternatively, iron deposition may represent an epiphemenon related to tissue degeneration.
A number of studies examined clinical factors underlying the relationship between disease course in MS and the rate of brain atrophy accumulation, but their results were contradictory. Some reports suggested that the rate of atrophy progression may be greater in earlier RR phases, as compared with later SP stages of disease (6), but other authors reported the opposite (30). Recent reports (14) (15) (16) 41, 84) showed that MS patients exhibit significant brain volume decline in the earliest stages of disease and provided evidence that brain atrophy and axonal loss may develop at a faster rate in the first few years of the disease (24, 94) . Later, the clinical and MRI activity decreases and patients experience the progression of disability. However, this progression seems unaffected by relapses when a clinical threshold of irreversible disability has been reached (95) . Therefore, there are reasons to believe that the atrophy rate varies within each stage of the disease in the same individual, and that there is almost certainly heterogeneity across subsets of patients (9, 96) .
Several studies looked for a correlation between brain atrophy and clinical, demographic and MRI measures. The clinical heterogeneity of patients and limited sample size are the most important flaws of these studies. However, although no clear factor highly predictive of brain atrophy has been identified, there are some suggestions that gadolinium (Gd)-enhancing lesions, (14, 21, 32, 79, 97, 98) , lesions on T1-(71,82,84,99) and T2-weighted images (31, 32, 41 ) and T2-hypointensities in deep grey matter (see above) (8, (91) (92) (93) have predictive value.
Gd-enhancing lesions on T1-weighted images represent disruption of the blood-brain-barrier and acute inflammation. It is not completely clear if inflammation is the triggering event that causes demyelination and axonal degeneration; although, previous longitudinal studies demonstrated that the presence of active lesions on serial scans carries a high risk of subsequent disease activity (96, 100) . A meta-analysis study performed by Kappos et al. (101) demonstrated that Gd-enhancement is a good predictor of the occurrence of relapses, but not a strong predictor of the development of long term impairment or disability, indicating that different pathogenetic mechanisms are operative in the occurrence of relapses and in the development of long-term disability in MS.
The concept that early short-term inflammatory events lead immediately to irreversible damage associated with loss of brain parenchyma has not been established. Moreover, it is not completely clear whether early acute inflammatory disease activity triggers a cascade of events, which contributes to progressive brain volume decline in long term follow-up. The clarification of this issue is of great importance for the selection of the most appropriate treatment strategies.
In a recently published review (102), we investigated hypothetical pathological mechanisms proposed as determinants of brain atrophy. We considered Figure 9 . MRI T2 hypointensity (T2H) in the gray matter and brain atrophy in MS. Hypointensity on T2-weighted images has been described in the gray matter of patients with MS and is related to physical disability, clinical course, MRI lesion load, and brain atrophy (8, 91, 92) . The finding most likely represents pathologic iron deposition. Conventional spin-echo T2-weighted images are shown of a normal volunteer (a) and an age-matched patient with secondary progressive MS early in the fourth decade of life (b). In the latter, note the marked hypointensity of the deep gray matter nuclei, including the thalamus and putamen. A natural history longitudinal study (93) of 68 relapsing-remitting patients revealed that T2 hypointensity (T2H) in the caudate, putamen, globus pallidus, red nucleus, and thalamus correlated with baseline brain parenchymal fraction (BPF) (r=.19-.39, p=.001-.029). Baseline T2H in the thalamus, putamen, and globus pallidus predicted 2-year BPF change (r=.26-.33, p=.006-.032) and T2H was chosen in regression modeling as the best predictor of BPF change after accounting for all MRI lesion variables (c). Thus, gray matter T2H predicts progression of brain atrophy suggesting a relationship between iron deposition and tissue destruction in MS.
only studies with the following characteristics: prospective design with natural history of MS patients and/or placebo treated patients of therapeutic trials, in which patients underwent baseline and follow-up scans, T1-weighted single dose (0.1 mmol/kg bodyweight) Gd-enhanced MRI and the relationship between enhancement and progression of brain atrophy was assessed. Five hundred thirty two patients of five natural history studies and five therapeutic trial studies participated in the review. The main observation was that in RR patients there was a predictive relationship between Gd-enhancement and brain atrophy progression. This relationship remained after adjusting for demographic and clinical data. The examination of pathological mechanisms proposed in the reviewed studies led us to believe that inflammation is significantly but only partly responsible for the development of brain atrophy. This conclusion may have an implication for the strategies of tissue protection advocated in the early stages of RR course.
Distinct Gd-enhancement patterns may suggest differences in the underlying pathology of lesions. Concentric ringenhancing lesions with central contrast pallor arise in previously damaged areas or in areas of accelerated local inflammation (79, (103) (104) (105) (106) (107) (108) . They are larger and of longer duration than homogeneously enhancing lesions (79, 103, 104, 106) . The magnetization transfer ratios (105) (106) (107) and trace apparent diffusion coefficients (108) are lower in ring-enhancing lesions than in homogeneously enhancing lesions. Moreover, ring-enhancing lesions weakly predict the persistence of T1 hypointense lesions (109) . Therefore, ring-enhancing lesions are thought to be related to high disease activity and extensive tissue damage (79, 103) and may mark a type of inflammation in more aggressive forms of disease. In a recent short-term observation study we assessed the value of different Gdenhancement patterns shown on monthly MRI as predictors of brain atrophy (110) . In ring-enhancement positive patients there was a significant reduction of BPF over the next 3 months. Moreover, this decrease was significantly greater than that of patients with homogeneously enhancing lesions. At baseline, BPF correlated inversely with ring-enhancing lesions and ringenhancing lesion volume and longitudinally there was a trend between change of ring-enhancing lesion volume and subsequent reduction of BPF. Moreover, multiple regression analysis demonstrated that the only baseline and on-study variables that predicted changes of BPF were ring-enhancing lesions and the change of ring-enhancing lesion volume. The predictive value of ring-enhancement on brain atrophy progression observed in this short-term study may suggest that ring-enhancement indicates a more aggressive subtype of disease even at the earliest stages of RR MS. We believe that this is an important observation because if ring-enhancing Gd-enhancement is associated with accelerated rates of brain atrophy early in the disease course, these patients are candidates for more aggressive early therapy.
CLINICAL RELEVANCE OF BRAIN ATROPHY
The measurement of brain atrophy seems to be of growing clinical relevance as a biomarker of the MS disease process (25) . There is a consensus developing that the assessment of brain atrophy by serial MRI represents a potentially powerful tool for monitoring disease progression in MS (32, 34, 55) . When compared to conventional MRI lesion measurements, brain atrophy is a better predictor of clinical impairments such as cognitive dysfunction (17, 33, 41, 65, 111) , physical disability (33, 70, (112) (113) (114) (115) (116) , mood disturbances (11, 117, 118 ) and impaired quality of life in cross-sectional studies (119) (120) (121) . Longitudinal studies ( = 5 years) demonstrated that the development of brain atrophy is a good predictor of subsequent neurological impairment accumulation in the long-term (Table 2) (70, 114, 115) . These findings indicate that once brain atrophy has occurred, irreversible damage has occurred. The ability of the CNS to compensate for the loss of axons and neurons is likely dependent on the location of atrophy and the available brain reserve capacity. We hypothesize that once the level of atrophy reaches a critical threshold, patients begin to suffer clinical impairments and disease progression.
ATROPHY MEASUREMENT AND TREATMENT EVALUATION
Atrophy should now be included as a secondary outcome measure in trials of disease modifying agents aimed at limiting disease progression. The modest correlation between MRI enhancing lesions and brain atrophy observed in the placebo groups of several trials fits with the concept that inflammatory activity is only partially associated with the global neurodegenerative disease (129) . Consistent with this hypothesis, several immunomodulating and immunosuppressive treatments that are known to reduce MRI-measurable inflammatory activity have exerted relatively little effect on progressive tissue loss. CNS atrophy measurements may be useful to test the efficacy of experimental MS treatments targeted to counteract neurodegenerative components of the disease.
SPINAL CORD ATROPHY
MRI of the spinal cord often shows characteristic findings and thus contributes to the diagnosis of MS (129) . The number and extent of T2-weighted lesions shows a partial relationship with disability (130) (131) . However, atrophy of the spinal cord in MS has particular importance in the development of physical disability. This atrophy may be focal or generalized (132) . The first quantitative study of spinal cord atrophy in MS employed a T2-weighted gradient echo sequence and evaluated four vertebral levels (fifth cervical, second, seventh and eleventh thoracic) (130) . Atrophy was considered to be present when the measured area was two standard deviations below the mean of healthy controls. Patients with atrophy had higher levels of disability measured by EDSS than patients without atrophy (p = 0.006). No difference in cord cross-sectional area was found among SP, PP and benign MS groups. A longitudinal study of PP and SP MS showed a decrease in mean cord area over 1 year, but there was no correlation with clinical progression (131) . A separate study (133) carried out by the same investigators, assessed RR MS patients over 1 year but failed to show any change in cord cross-sectional area.
Loseff et al. (134) developed a technique which measured the cord cross-sectional area at the level of the intervertebral disc between the second and third vertebrae (scan-rescan coefficient of variation-COV was 0.79%). It used an inversion prepared fast spoiled gradient-echo T1-weighted sequence, which nulls the CSF. The cord crosssectional area of PP and SP MS patient groups were significantly lower than RR MS patients. Cord atrophy correlated strongly with disability (r = -0.7, p< 0.0001) and with disease duration (r = -0.52, p< 0.0001). Stevenson et al. (135) found increasing atrophy over a 12-month period in RR, PP and SP MS groups. Spinal cord atrophy showed a close association with EDSS score, whereas T2-lesion volume and T1 hypointensity lesion volume did not (135, 136) . Ingle et al. (136) studied clinical and MRI changes in 190 patients with PP or transitional progressive (TP) MS over 2 years. Patients underwent clinical and MRI examination at baseline, year one and year two. Significant increases were seen in lesion load, while brain and cord volume decreased. On the contrary, significantly higher T2 lesion volumes were found in PP MS patients who presented with non-cord clinical syndromes when compared to patients with syndromes and there was a trend to greater brain atrophy in those who deteriorated clinically over the course of the study compared to those who remained stable. Significant cord atrophy was only seen in those with a myelopathic clinical presentation. These data suggest a mechanism of diffuse progressive axonal loss in PP MS patients. Decreased magnetization transfer ratio and a smaller cervical cord area also contribute to neurological impairment in PP MS (137) .
The spinal cord is mobile and at C5 is influenced by neck extension. CSF flow is often turbulent at C5, which causes flow artifacts. Thus, three dimensional global measurements of spinal cord size (the volume of the whole cervical cord) may have more utility than 2D methods (138).
SUMMARY
In conclusion, it is now possible to detect progressive atrophy of both the brain and spinal cord using semiautomated and automated, accurate and reproducible MRI analysis techniques. Atrophy is most likely a complex phenomenon reflecting the effects of inflammatory tissue injury, demyelination, and axonal loss. Atrophy of the central nervous system appears to closely relate to clinical impairment, disease progression and accumulation of physical and neuropsychological disability. The measures of atrophy are sensitive to longitudinal change and show fairly strong predictive value and correlations with clinical status. Therefore, quantitative assessment of atrophy plays a role in the monitoring of clinically relevant disease progression and should be used in MS clinical trials.
